Abstract: Natural ventilation is an efficient design strategy for the passive cooling of buildings, especially in tropical countries such as Brazil. Among the ventilation strategies, sheds can be highlighted. These structures consist of roof openings that work as air captors or extractors depending on their location in relation to the prevailing wind directions. The hospitals of the Sarah Network, designed by the Brazilian architect João Filgueiras Lima, Lelé, are worldwide known for using these elements to improve natural ventilation. This paper analyses the natural ventilation performance of sheds for air collecting and extracting in two Sarah hospitals located in the cities of Salvador and Rio de Janeiro. In each building, the sheds were analyzed for air extracting and collecting. The analyses were carried out by reduced physical models in an atmospheric boundary layer wind tunnel. The wind velocity was measured at external and internal points of the buildings, using hot-wire anemometers. The results show that the wards in Rio de Janeiro hospital are 17% more ventilated than the ones in the Salvador hospital. However, this difference occurs not only because of the collecting sheds but also because of set of openings and the configuration of the covering in hospitals in Rio de Janeiro.
Introduction
 Natural ventilation is one of the most important strategies for the passive cooling of buildings, providing thermal comfort and helping to improve the health of their users due to internal continuous air renewal. Furthermore, this strategy reduces the energy consumption, avoiding the use of mechanical ventilation and air conditioning systems. Typically, the energy cost of a naturally ventilated building is 40% lower than that of an air-conditioned building [1] .
Brazil is a tropical country and most of its territory has warm and humid climate. Thus, the use of natural ventilation can be an efficient strategy to achieve thermal comfort without using mechanical cooling [2] . The use of this strategy is not so efficient in regions where external winds are not frequent. This occurs in cities characterized by weak winds, periods without winds or lack of adequate spaces for the circulation of air inside the urban net. This problem can be minimized by using strategies of natural ventilation on the covering of buildings in two ways: (1) ventilation by the stack effect, in which air pressure differences are originated by differences in temperature between the internal and external air to the building; (2) use of wind captors with openings above the covering level.
Among these solutions, solar chimneys, wind towers and sheds can be cited. Solar chimneys use the sun energy to increase pressure differences between different points and, consequently, improve the flow of natural ventilation [3] . Researches conducted in several countries have shown the effectiveness of using this strategy to increase the natural ventilation in internal spaces [4] [5] [6] [7] . Furthermore, a research carried out by Neves et al. [8] highlights that the use of solar chimneys in tropical countries, such as Brazil, is highly efficient.
Likewise, wind towers of different shapes have
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been tested by several researchers to find the best ventilation performance [9, 10] . In these towers, the winds are captured in an altitude with fewer obstructions, allowing winds with higher velocity, lower temperature and less dust. These devices can be coupled to water tanks of houses to work as air collectors or extractors. The results have shown that the use of wind towers in water tanks increased the internal air velocity by 100% in some rooms. In addition, improvements in the air distribution have been observed, reducing the areas of stagnation [11] . Finally, sheds can be designed for both air capturing and extracting, depending on the orientation of the openings in relation to the prevailing wind directions. The most common examples of sheds are known as "sawtooth", whose shape is rectangular and without many variations. However, the work of Brazilian architect João Filgueiras Lima, known as Lelé, whose sheds with aerodynamic shapes are present in most of his projects (Fig. 1) , was highlighted.
One of the first researches related to the sheds was developed by Gandemer et al. [12] . This researcher evaluated the effects of different locations of sawtooth roofs with respect to the central axis of the construction. Air captors and extractors sawtooths were evaluated. The captor sawtooth is more efficient when located in the first half of the roof, whereas the extractor sawtooth is more efficient when located in the second half of the roof. There was a 50% internal air velocity increase when the device worked as extractor and 30% when it worked as a captor. Furthermore, the authors also determined that the area of the shed should be larger than 20% of the cross-sectional area of the building and perpendicular to the wind direction. The average internal air velocity in buildings with cross ventilation can increase approximately 40% when the shed works as air extractor and 15% when it works as an air captor.
Some researches about Cp (pressure coefficients) in sawtooth roofs have been developed by Stathopoulos and Saathoff [13, 14] . In these studies, the dependence of Cps in relation to the number of sheds on the roof was investigated. Models with one, two and four sheds with 15° of inclination were tested in wind tunnel. The results show that in most areas of coverage, the values obtained for models with two and four sheds are similar to data obtained in the model with one shed. However, the measures near the edge of the roof of the models with two and four sheds are 50% larger than the data in the model with one shed.
Holmes [15] analysed the pressure on buildings with sawtooth roof with 20° of inclination. The results were incorporated in the Australian Standard AS1170. 2 (1989) , which is the only standard that provides the pressure coefficients for buildings with sawtooth roof. Blackmore [16] investigated the influence of the width of the building on the pressure distribution on roofs with two sawteeth.
Through this literature review, it is noted that the sheds have been little explored by architects and few researches about the performance of this strategy have been developed, mainly about the performance of air captors and extractors sheds with aerodynamic shapes. However, despite this situation, the work of the Lelé should be highlighted. The air extractor and captor sheds with aerodynamic shapes are present in most of his projects, mainly the Sarah Network of Hospitals. Lelé has been designing sheds for almost 50 years. Based on his experiences and local climatic factors, in some cases, he prioritizes the extraction of air through stack effect and, in other cases, he prioritizes the capture of natural winds [17] [18] [19] . 
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The Sarah Network of Hospitals are constituted by 10 hospitals, located in several cities, whose climate is mostly warm and humid. In an attempt to improve the efficiency of the sheds regarding natural ventilation, their geometry in each new building has been modified. The changes in these architectural elements are of great importance because, according to Hooff et al. [20] , one of the main parameters that affect natural ventilation is the geometry of the building.
Perén et al. [21] also evaluated threes models of sheds designed by Lelé (two hospitals of Sarah Network and electoral tribunal building of Brazil) through computational simulation. In this research, the authors discussed the influence of changes in the formats of these devices for natural ventilation. The results showed a better performance of the model of the electoral tribunal, due to smoother surface, showing no interruptions or obstacles in the airflow, and, consequently, the air velocity is higher.
In this research, two Sarah hospitals, located in the cities of Salvador and Rio de Janeiro, both with warm and humid climate, were chosen for analyses due to their difference in geometry and orientation of sheds. The headroom of the Salvador hospital is 3.00 m high in the lower part of the sheds and 4.50 m high in the upper part. The sheds are limited by rooms and the air is captured by underground floor and then, the warm air is extracted by the sheds (stack effect) through the positioning of their openings leeward (Fig. 2) .
Unlike this building, in the Rio de Janeiro hospital, the sheds are totally independent of the internal spaces with ceiling height variable and higher than 8.00 m. The internal rooms have translucent polycarbonate liners that allow the passage of air and natural light. In this case, the sheds are oriented windward, prioritizing the wind entry through the cover. However, there are also openings on the leeward side, which allow permanent natural ventilation through the cover and work as a thermal protection to the building (Fig. 3) .
It is important to highlight that, as the Sarah Network is constituted by rehabilitation hospitals designed for the treatment of patients with locomotor system diseases, the use of natural ventilation is extremely favorable. The absence of patients with infectious diseases causes no impact on the infection propagation. Nevertheless, the rooms that require a rigorous control of temperature, humidity and pressure have artificial conditioning. In rooms which are more flexible to these factors, such as wards and rehabilitation areas, natural ventilation is used.
The analysis of the natural ventilation systems, in buildings and in the urban environment, can be conducted by different methods such as: (1) 
Research Method
Wind Tunnel
Physical models were constructed and tested in a The boundary layer inside the tunnel was simulated with the installation of turbulence generator obstacles on the floor at the test section entrance, which represent the roughness of the soil. These obstacles produce a velocity profile similar to achieve the minimum requirement of the neutral atmospheric boundary layer for suburban environments [23] . Wind tunnel used for this experiment is shown in Fig. 4 .
Definition of the Study Object
The rooms analysed were the wards because they are the places where the patients stay. In the Salvador hospital, the sheds have same geometry throughout the building. Thus, a reduced model was built considering only the ward. In the Rio de Janeiro hospital, the sheds have different geometries and sizes and their openings are positioned leeward and windward. In this case, a reduced model was built, considering the whole building, comprising the ward, gymnasium and individual apartments. However, only the ward was evaluated.
The reduced models of Salvador and Rio de Janeiro hospitals were built on 1:40 and 1:55 scales, respectively, based on the dimensions required by the tunnel test section. The physical models were built with all the details of the natural ventilation system. The material used was 2 mm transparent acrylic to facilitate the visualization during the tests. The models were designed using AutoCAD 2009 software and cut using laser cutting technology (Universal Laser System). The pieces were assembled using acrylic glue and silicone to seal off possible crevices. Figs. 5 and 6 show the physical models of the two hospitals inside the wind tunnel.
Air Velocity Measurements
The inside and outside wind velocities in the physical models were measured using six Multichannel 54N81 hot-wire anemometers sensors (Dantec) [24] . The range of the calibration reference sensor velocity is 0.2 m/s to 30 m/s and the measurement error ranges are 1%.
The tests were performed with 60, 124, 207, 290, 373, 456, 539, 622 and 705 rpm frequencies. For these values, the wind velocity varies from 0.7 m/s to 7 m/s. Thus, the frequencies tested refer to values according to the local reality. This relationship was highlighted in the research conducted by Labaki et al. [25] . The directions of the prevailing winds are northeast and east, respectively. Each model was tested with the sheds of the buildings as air captors and extractors in order to evaluate the performance of the sheds in both positions. Four miniature hot-wire anemometer sensors were installed inside the models through holes at their bottom. Three sensors were placed at central points, in the longitudinal direction in relation to the wind incident on the building (P2, P3 and P4). Another sensor was positioned near the air vents on the walls (P5). All internal sensors were placed 0.80 m from the floor, which is the height of a patient's body lying on a stretcher. Two sensors were installed outside the model. To measure the external wind velocity before reaching the physical model, a sensor was placed in front of the model at a distance equal to 8 m from the facade of the hospital and 6 m from the floor (P1). Thus, the value of the undisturbed flow was achieved. Finally, to obtain the wind velocity value near the sheds, a sensor was installed at the top of the external model, 1 m above the sheds (P6) (Figs. 7 and 8 ). The tests were performed with the windows open.
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Results and Discussion
This stage of the research was divided into two parts. First, the air velocities in the hospitals in Salvador and Rio de Janeiro were compared in order to evaluate which hospital showed the highest indoor air velocity. In the second part, the performance of the air captors and extractors sheds of the Salvador and Rio de Janeiro hospitals was analyzed and compared. The internal average air velocities for each building in both situations were calculated using a frequency of 290 rpm, which is the local average wind velocity in the warmer months in the cities. In these periods of the year, natural ventilation is extremely necessary to obtain thermal comfort.
Air Velocity Measurements
Figs. 9 and 10 show the air velocity inside and outside the hospitals in Salvador and Rio de Janeiro, with respect to the velocity measured at P1.
The same linear trend is observed in the variation of velocities measured at six points in both hospitals. The air velocities at points P2 (internal) and P6 (above the shed) are higher than that at P1, showing that the air is accelerated due to the narrowing at the front openings near the P2 and the deviation of the flow upwards because of the presence of the sheds (P6).
The velocities at internal points P3 and P4 are lower than that at point P1. Although they are in the same longitudinal direction of point P2, the velocities at points P3 and P4 are lower than that at P2. This reduction occurs because points P3 and P4 are in a position where the cross-sectional area to the flow expands. Furthermore, the velocities of the air that comes from the vents located on the ward wall (P5) are lower than that at point P1.
The graphs in Figs. 9 and 10 show that the velocities at points P2 and P6 are similar for the two hospitals, whereas at points P3, P4 and P5, the velocities in the Rio de Janeiro hospital are higher.
For a better comparison of the velocities at each internal point and the external reference point, the ratio values are presented for each hospital. Figs. 11 and 12 show the velocity ratios at points P2, P3, P4, P5 and P6 to the external velocity (V1) with respect to the air velocity measured at P1, for each frequency tested, in the case of the hospitals in Salvador and Rio de Janeiro, respectively.
In general, the frontal wind velocity (P1) increase causes a small decrease in the ratio values due to the building interference with the flow, which increases the turbulence and causes energy loss. The increase in velocity at the facade is not fully transformed into a gain of velocity inside and outside the building.
The comparison of the air velocities in the two hospitals shows that the V2 and V6 velocity ratios at points P2 and P6, respectively, present small differences. However, when analysing the values corresponding to points P3, P4 and P5, the ratios for Rio de Janeiro hospital are significantly higher. The differences (%) between the average ratios for the two hospitals (Table 1) show that the velocities at the internal points are significantly higher in the hospital in Rio de Janeiro except for the values at points P2 and P6.
In the wards of the hospital in Rio de Janeiro, the indoor air velocity is 17% higher. The set of shed openings capturing the wind and making it flow through the top of the internal rooms are very efficient in the process of natural ventilation. The variation of the shed heights and their openings, which are larger in the Rio de Janeiro hospital, provides a more intense air flow allowing higher velocities indoors. The velocity at P6 remains practically the same for both positions with a reduction of approximately 10% for the sheds that work as captors. This reduction is due to the shed geometry as extractor deviates the air flow upward, increasing its velocity.
Air Collectors and Extractors Sheds
Point 2 showed the most significant decrease of all. For the sheds working as extractors, this point achieved the highest velocity values, even higher than the velocities at P1. For the sheds working as captors, the air velocity had a significant reduction of approximately 57%. This decrease occurred because, in the first case, P2 was located near the front opening, where there was a wind bottleneck with a consequent increase in the air velocity. In the case of the sheds working as captors, the wind did not reach the front opening directly, which caused a reduction in the air velocity at this point.
In the case of P3, for the air collectors sheds, there was also a significant reduction of approximately 38%, unlike P4, where the air velocity had a small increase by approximately 8%. This increase was due to P4 being close to the direct incident winds on the front sheds, which did not occur at Points 2, 3 and 5 due to the shadow that these devices caused on the back shed.
Finally, at P5, there was an air velocity reduction of approximately 10%, which was already expected because when the sheds worked as air collectors, the wind did not enter the underground galleries and, consequently, the air flow through the vents located on the wall decreased. Fig. 14 shows the velocities measured at each point with respect to the frequencies tested for the Rio de Janeiro hospital, in which sheds worked as collectors and extractors of air, respectively.
The average internal air velocity in the hospital was 2.01 m/s when the sheds worked as air captors. This average air flow velocity had a significant reduction of 70% (0.60 m/s) when the sheds worked as air extractors, showing that the actual position of the hospital was more efficient.
For all internal points (P2, P3, P4 and P5), the air velocity showed a significant reduction when the sheds worked as air extractors. On the other hand, the air velocity at P6 showed the same performance in 
Conclusions
Sheds are architectural elements with strong presence in Lima's building projects. Moreover, the study of Salvador and Rio de Janeiro hospitals has shown his concern about the improvement of these elements. Tests in the wind tunnel showed that the ward in the Rio de Janeiro hospital reaches an internal air velocity 17% higher than that in the Salvador hospital. However, this occurs not only by the use of captor sheds, but also by other factors, such as a set of openings present in larger quantities and dimensions. This statement was confirmed by the satisfactory performance of the sheds in Salvador and Rio de Janeiro hospitals as air extractors and captors, respectively. The geometry of the sheds of the Salvador hospital, which has the same dimensions throughout the building, does not allow good air collection. In the Rio de Janeiro hospital, the non-uniform openings, dimensions of the sheds and the larger spacing between these devices facilitate the wind entry.
According to the tests, both air extractor and captor sheds may show good performance regarding natural ventilation. However, the designer must know how to use them in each case and take full advantage of them. A careful analysis of their geometry, distance between the devices, size of the openings, vertical distance between the inlet and outlet openings and height of the headroom, among other factors, is important to determine when to use them as air captors or extractors.
